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CHAPTER ONE 
GENERAL INTRODUCTION 
Few plants have historical and cultural origins comparable to those of the family 
Amaranthaceae. Amaranth {Amaranthus spp.) is a well-known crop of the ancient Americas 
and in pre-Columbian times, grain amaranth was one of the basic foods of the New World. 
Amaranth was selected as one of four cereals from a list of 400 by the National Academy of 
Sciences (NAS) Select Panel as an under exploited tropical plant with promising economic 
value (NAS, Washington D.C). The recent resurgence in amaranth production may be 
because of its perceived environmental hardiness, utility as a grain and/or vegetable resource, 
and efficient water use. 
Amaranths are C4 plants noted for high tolerance to arid conditions and poor soils, 
where cereals cannot grow with ease (Pal and Khoshoo, 1974). Pedersen et al. (1990) cites 
grain amaranths as candidates for a renewed major role as a world food source because of its 
high protein content, well-balanced amino acid profile, and high fat content. Their ability to 
produce a large amount of biomass in a short period of time and their high protein content 
make some amaranth cultivars highly prized forage crops. In China, some sources of A. 
hypochondriacus and A. hybridus are being cultivated solely for uses as forage for cattle 
(Kauffinan, 1992). Amaranth is widely grown as a leafy vegetable in tropical and subtropical 
Afirica, Asia, the Pacific Islands, the Caribbean and Central America, but there are few 
reports of its potential as a forage or silage crop (Cervantes, 1986). 
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Because of these inherent positive traits of amaranth and the relative scarcity of 
information about its use as forage, this project was undertaken to evaluate the canopy 
development, forage yield, and forage quality of several species of amaranths. 
Dissertation organization 
Chapter One of this dissertation consists of a general introduction and a description of 
the organization of its contents. Chapter Two is a comprehensive review of the relevant 
literature and. Chapters Three and Four are papers to be submitted for publication to 
Agronomy Journal. The final chapter is the general conclusion which summarizes the 
observations and interpretations made and conclusions drawn based on the data collected. 
There is also an appendix which provides supplemental or supporting data not 
presented in the body of the dissertation. 
Literature cited 
Cervantes, S.J.M. 1986. Amaranth: A Mexican source of forage not utilized. (El amaranto 
recurso forrajero Mexicano no aprocechado.) (In Spanish.) Veterinaria Mexico 
17:289-296. 
Kauffinan, C.S. 1992. Realizing the potential of grain amaranth. Food Reviews 
International 8:5-21. 
Pedersen, B., K.E. Bach Knudsen, and B.O. Eggum. 1990. The nutritive value of amaranth 
grain (Amaranthus caudatus). HI energy and fibre of raw and processed grain. Plant 
Foods for Human Nutrition 40:61-71. 
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Pal, M. and T. Khoshoo. 1974. Grain amaranths, p. 129-137. In J. Hutchinson (ed.) 
Evolutionary studies in world crops.Cambridge Univ. Press, New York. 
National Academy of Sciences. 1975, Underexploited tropical plants with promising 
economic value. NAS, Washington, DC, 
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CHAPTER TWO 
LITERATURE REVIEW 
Introduction 
Amaranth {Amaranthus spp.) is a well-known crop of the ancient Americas and in 
pre-Columbian times, grain amaranth was a basic food of the New World. Production of 
amaranth as a grain reached its zenith during the Mayan and Aztec periods of Central 
America when amaranth grain was a staple cereal and often used in religious ceremonies 
(Saunders and Becker, 1984). After the Spanish conquest, amaranth fell into disuse and 
survived only in small pockets in the mountain regions of Mexico and the Andes. Saunders 
and Becker (1984) also noted that amaranth has the dubious distinction of being one of the 
few food plant species in history eliminated from popular cultivation because of a legislative 
fiat. Cortez barmed native religions and the production of amaranth after he conquered the 
region in 1519 as a means of eliminating established worship rituals. 
Grain amaranth was selected as one of four cereals from a list of 400 by the National 
Academy of Sciences (NAS) Select Panel as an underexploited tropical plant with promising 
economic value (NAS, 1975). Environmental hardiness, utility as a grain and/or vegetable 
resource, and efficient water use has led to the recent resurgence in amaranth production. 
These are qualities essential for the survival of any modem crop because of duninishing 
water supply and limited land resources in many areas of the world (Saunders and Becker, 
1984). Amaranths are C4 plants and are noted for high tolerance to arid conditions and poor 
soils, where cereals carmot easily grow (Pal and Khoshoo, 1974). Pedersen et al. (1990) 
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believes grain amaranths are candidates for a renewed major role as a world food source 
because of its high protein content, well-balanced amino acid profile, and high fat content. 
Forage amaranth 
Some amaranth cultivars are highly prized as forage crops because of their ability to 
produce a large amount of biomass in a short period of time and their high protein content 
(Kaufftnan, 1992). These characteristics suggest a potential for increasing their role as a 
forage crop (Cervantes, 1982). In China, some sources of A. hypochondriacus and A. 
hybridus are being cultivated solely for use as forage for cattle (Kaufftnan, 1992). In Peru, 
die stover is grazed as a feed supplement after the seed heads have been removed (Williams 
and Brenner, 1995). Amaranth is widely grown as a leafy vegetable in tropical and 
subtropical Afnca, Asia, the Pacific Islands, the Caribbean and Central America, but there 
are few reports of its use as a forage or silage crop (Cervantes, 1986). Studies (Lehmann 
1990; Pond and Lehmann, 1989; Senft, 1979; Cheeke and Bronson, 1979; Odwongo and 
Mugerwa, 1980, and Yue et al., 1987) have shown that amaranth has nutritional qualities 
superior to that of the common cereals and forage crops. Amaranths have been reported with 
protein levels varying from 13-19% in the grain (Lehmann, 1990; Pedersen et al., 1987), and 
12-27% for the whole plant (Mugerwa and Bwabye, 1974; Marten and Andersen, 1975). 
It is commonly believed that any plant firom the family Amarantheacae is related to 
the weedy amaranth species and is therefore bad. To most farmers, all weeds are inherently 
bad for their production system. While it is true that many species of the genus Amaranthus 
are opportunistic weeds (Sauer, 1955), research shows some may have potential as forage 
crops. Marten and Andersen (1975) determined that some broadleaf (forb) and grass weeds 
that are commonly found in newly established stands of forage crops have sufficient quality 
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to be considered satisfactory forages. They found that six weeds species, yellow foxtail 
[St:iaria glauca (L.) Beauv.], bamyardgrass [Echinochloa crusgalli (L.) Beauv.], green 
foxtail [Setaria virdis (L.) Beauv.], redroot pigweed, Pennsylvania smartweed {Polygonum 
pensylvanicum L.), and common lambsquarters (Chenopodium album L.) were as palatable to 
sheep as oats. They also reported that redroot pigweed, common lambsquarters and conunon 
ragweed {Ambrosia artemisiifolia L.) had in vitro dry matter digestibility (IVDMD), acid 
detergent fiber (ADF), neutral detergent fiber (NDF), and crude protein concentrations 
equivalent to those of high quality alfalfa (Medicago saliva L.) when harvested at the same 
time. Temme et al. (1979) also reported that these three annual weeds had high forage 
quality. All 12 of the weeds that Marten and Andersen (1975) examined contained adequate 
minerals to meet the requirement of ruminants, although there were considerable differences 
between species. Ten of the 12 weeds were more digestible than oat forage and nine had 
higher crude protein than oats. Redroot pigweed, common ragweed, velvetleaf, (Abutilon 
theoprasti Medic.) and, bamyardgrass were described as having "superior" in vitro dry 
matter digestibility. 
Cheeke and Bronson (1979) found that amaranth leaves and stems were higher in 
hemicellulose and ash, and lower in ADF than alfalfa. They also found that the amount of 
protein bound to the cell wall constituents was higher in amaranth compared to alfalfa and 
comfrey {Symphytum officinale L.). This would suggest a higher by-pass protein value. By­
pass protein or rumen undegraded intake protein (UIP) can be of great value in livestock 
production because rumen microbes may degrade high qiiality protein. Escape protein is 
beneficial since it will be efficiently utilized in postruminal digestion as long as it contains 
essential amino acids (Van Soest, 1994). The extent of protein degradation of a forage may 
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become a limiting factor in tlie process of supplying amino acids to the animals and, 
consequently, on productivity (Merchen and Bourquin, 1994). 
Increasing the UIP percentage in the diets of growing heifers improves feed 
efficiency and increases body weight gain (Tomlinson et al., 1997) and milk yield (Vagnoni 
and Broderick, 1997). Chopped alfalfa hay fed to sheep had UIP ranging from 252 (Merchen 
and Satter, 1983) to 280 g kg"' (Mathers and Miller, 1981) of total CP intake. Undegraded 
intake protein ranging from 12-20% for perennial ryegrass {Lolium pereme) (Rooke et al., 
1983); 13-30% for alfalfa subjected to heat (Charmley and Veira, 1990), and formic acid and 
formaldehyde (Glenn et al., 1989). Beever et al., (1987) observed UIP concentrations 
ranging from 19-26% for steers fed white clover (Trifolium repens) primary growth or 
regrowth treated with formaldehyde. Mitchell et al., (1997) reported UIP for switchgrass 
{Panicum virgatum L.) and smooth bromegrass {Bromus inermis L.) as 230-310, and 110-
180 g kg"'of total crude protein, respectively, and that warm season grasses, generally, had 
greater UIP because of their C4 anatomy. Amaranth, being a C4 plant, could potentially be a 
good source of UIP. 
When the nutritive value and palatability of 12 common annual weeds (including 
redroot pigweed) were compared to alfalfa and oats, redroot pigweed had lower ADF and 
ADL than both alfalfa and oats (Marten and Anderson, 1975). Alfalfa plots were seeded 
May 14 and sampled on July 16 and oats was seeded April 19 and harvested June 20 of the 
same year. Concentrations of ADF were 23.7, 34, and 21% and ADL were 5.7, 3.6, and 
2.5% for alfalfa, oats, and redroot pigweed, respectively. 
Crude fiber, vitamins, minerals, energy and, digestibility are reasons to consider 
amaranth as a potential forage (Cervantes 1990). In summarizing the positive attributes of 
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amaranth, Cervantes (1990) noted that crude protein varies between 12 and 38 percent 
depending on many factors. However, even with lower crude protein concentration, it is 
higher than many other forages. Energy provided by amaranth is similar to grasses, but 
amaranth has a larger quantity of starch and hemicellulose in its leaves. Concentrations of P 
carotene are high in the leaf, and vitamin C is also abundant. The amaranth is a C4 plant and 
its digestibility averages 65%, which is intermediate between C3 and C4 grasses. 
Amaranths are known to produce large quantities of biomass in a short time. Amaranthus 
tricolor and A. cruentus in studies by Campbell and Abbott (1982) and Makus (1984) had 
yields ranging from 4000 kg ha"' to 18000 kg ha"'. Clark and St. Jean (1984) reported a first 
cut (68 d after planting) silage yield of 5000 kg ha"' for an Amaranthus line called 'OMM'. 
Based on high yields of various genotypes, Kaul et al. (1996) concluded that some would be 
suitable for whole-crop silage at grain maturity. When amaranth is ensiled, it shows an 
increase in digestibility (Cervantes, 1990). Amaranthus hypochondriacus ensiled with 4% 
molasses was reportedly similar to com silage and was used up to 40% in sheep rations with 
no problems with palatability (Art, 1986). There are also other reports of very high yields 
(Mugerwa and Bwabye, 1974; Cupina and Eric, 1994; Alfaro et al., 1987a). Mugerwa and 
Bwabye (1974) reported dry matter accumulation in^. hybridus subsp. incurvatus averaging 
241 kg ha"' day"' at 38 days after planting and a total of9472 kg ha"' after 66 days of growth. 
Amaranth has also proven to be versatile enough to be grown as a grain crop and a forage 
crop and provide substantial yields of both in one season. Bansal (1992) conducted studies 
with A. hypocondriacus cv. Annapuma and A. cruentus cv. K-266 in which 25% of the 
leaves were harvested for forage at the post anthesis stage. This treatment did not 
significantly affect grain yield and supplied 2600-3400 kg ha"' of forage. When the high yield 
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is combined with the relatively high digestibility (Marten and Andersen, 1975) and protein 
concentration amaranth could potentially make a very good forage crop. 
There have been several studies done with different animals, including pigs (Hong et al., 
1989), cattle (Odwongo and Mugerwa, 1980), sheep (Marten and Andersen, 1975; Pond and 
Lehmaiui, 1989), chickens (Acar et al., 1988; Tillman and Waldroup, 1988)), rabbits (Alfaro 
et al., 1987b) and rats (Cheeke and Bronson, 1979) where amaranth was compared to alfalfa. 
In most cases no difference in animal performance was found. Hong et al. (1989) reported 
that after 123 days, pigs given amaranth at 1-1.5 kg day*' had a daily weight gain higher than 
that of pigs that were not fed amaranth. Based on results of liveweight gain and feed 
conversion efficiency, Dong et al. (1992) concluded that pigs could be fed amaranth seed 
meal up to a maximum of 15% of their diet. Odwongo and Mugerwa (1980) conducted two 
experiments that compared the effect of including amaranth (Amaranthus hybridus 
subspecies hybridus [Green Head]) or alfalfa meal in calf rations. In the first experiment, the 
diets contained 0, 5, 10, and 15% of either Amaranthus or alfalfa meal. The second 
experiment contained 0, 10, 20, 25, 30, 35, and 40% Amaranthus leaf meal. Live weight 
gain was similar on all diets and averaged 0.5 and 0.4 kg day"' in die first and second 
experiment, respectively. Based on these results, Odwongo and Mugerwa concluded that 
Amaranthus leaf meal is of comparable feeding value to alfalfa meal in early calf weaner 
diets and that dairy calves performed well when given diets containing up to 40% 
Amaranthus leaf meal. 
Chairatanayuth (1992) found no significant differences in daily dry matter intake, milk 
protein, milk solid-non-fat, and milk production when dairy cows were fed 37% amaranth 
crop residues. The results also showed that the mineral content of amaranth is above the 
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levels recommended for cattle and was relatively stable with advancing plant age. However, 
it was noted that amarantli may be too high in fiber for cattle, therefore, young plants with 
brittle stems would be more acceptable to animals. Amaranth in the diet did not affect dry 
matter intake or milk yield in a study conducted by Chairatanayuth and Dixon (1986), but 
milk fat was increased. Chairatanayuth and Santipong (1984) found that up to 50% amaranth 
straw replacement was as good as grass forage for growing steers. 
In a study to compare the feed consumption, growth rate, and diet digestibility of growing 
lambs fed vegetable amaranth versus alfalfa hay as roughage. Pond and Lehmann (1989) 
found that replacing half or all the alfalfa in the diet had no effect on weight gain or feed 
utilization. The three diets they used were 50% ground alfalfa hay, 25% ground alfalfa hay 
and 25% ground amaranth, and 50% ground amaranth. They found no difference in apparent 
digestibility of ADF, NDF, Cellulose, and acid detergent lignin (ADL) in the three diets. 
Digestibility, however, tended to be greater for lambs fed only amaranth as the forage 
component than for lambs fed only alfalfa, reflecting the greater NDF, cellulose, and ADL 
content of alfalfa. They concluded that the cultivar A. cruentus L. (Zimbabwe cultivar PI 
482049) has good potential as a feed resource for ruminants based on its high protein content, 
low cellulose, and the absence of toxic substances in the vegetative firactions of the plant. 
Performance of chickens given autoclaved amaranth grain or its firactions was similar to 
that of chickens fed a com {Zea mays L.) and soybean {Glycine max L.) meal diet. However, 
including popped amaranth resulted in reduced performance (Acar et al., 1988). 
Protein quality 
Amaranth has several positive attributes that should be taken into consideration when 
assessing its suitability as a forage crop. Arguably, the most important nutritional quality 
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characteristic is its protein content and quality. However, most of the data available on 
protein quality is for giain amaranth. Its high protein levels are among the highest of all 
grains; high levels of lysine, and a complementary amino acid profile that suggests a role as a 
nutritional fortifier have been cited by Lehmann (1990) as positive attributes of grain 
amaranth. The high protein and quality have contributed to a renewed interest in grain 
amaranth (Pederson et al., 1987). If bot the protein quality of amaranth and its agronomic 
productivity are considered, it compares favorably with the more commonly utilized grains. 
Grain amaranth's nutritional value is further enhanced by high lysine levels. The protein of 
wheat, com, and rice are deficient in the essential amino acid lysine and the sulfur-containing 
amino acids, methionine and cysteine. However, amaranth is rich in both lysine (Bressani et 
al., 1987) and sulfur containing amino acids (Senft, 1979). Pedersen et al. (1987) found the 
amino acid composition of amaranth seeds to be in close agreement with those reported by 
Saunders and Becker (1984) and also found that lysine was present at up to twice the levels 
of conventional grains. Senft (1979) found that leucine was the limiting amino acid in the 
four types of amaranths he examined and suggested that by combining amaranth grain with 
other grains a high quality protein balance could be achieved. 
Anti-nutritional factors 
Some amaranth forages may require special treatment before they will be acceptable to 
animals. Skultety et al., (1991) reported that dry matter intake by cattle given green and 
ensiled amaranth was low, but intake increased when pelleted amaranth was fed. They 
reported the highest digestibility of nutrients in amaranth that was hot air dried and pelleted, 
the lowest intake was when amaranth silage was fed. Because the grain is often included in 
mature amaranth forage the anti-nutritional characteristics of the grain must also be taken 
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into account. Uncooked seeds contain heat labile growth inhibitors that are inactivated by 
cooking or roasting (Williams and Brermer. 1995). Pond et al. (1991) reported that A. 
emeritus and A. hypochondriacus have growth-inhibiting factors labile to moist heat. 
However, Takken and Connor (1985) demonstrated that steam press pelleting was ineffective 
in detoxifying amaranth grain fed to pigs and some pigs died suddenly over a one-month 
period. 
There are reports of toxicity of amaranth caused by nitrates, oxalates and saponins 
(Cheeke and Bronson, 1979; Der Marderosian et al., 1979). High levels of nitrate can be 
toxic to livestock. Toxicity can result from a combination of nitrates in forages and drinking 
water. Poisoning by amaranth may result from accumulation of nitrates and/or oxalates in 
plants growing under stress, especially if drought conditions occur during a period of heavy 
nitrate uptake by the plant. Animals incorporate nitrates absorbed from the soil by plants into 
amino acids to make proteins. Dietary nitrate is converted to nitrite, then ammonia by rumen 
bacteria. Toxicity occurs when nitrate levels overwhelm the animal's digestive system to the 
extent that the rate of conversion of nitrate to nitrite is higher that the conversion of nitrite to 
ammonia. Once absorbed into the blood, nitrite will bind hemoglobin to form 
methemoglobin, which is less efficient in oxygen transport, and animals will literally 
suffocate (Vough et al., 1991). 
There are differing reports on the level of nitrates that cause toxicity in aruinals. Adams 
et al. (1992) reported that nitrate content above 1 to 3% on a dry matter basis (10,000-30,000 
ppm NO3, 0.23-0.68% NO3-N, or 2,300-6,800 ppm NO3-N) can cause acute toxicity in 
animals. They further noted that subclinical nitrate toxicity is more likely to occur than acute 
toxicity. However, Vough et al., (1991) reported that toxicity usually occurs when cattle 
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consume large amounts of forage containing 1.76% or more nitrate ion on a dry matter basis. 
Higher levels of nitrates can adversely affect reproduction and become toxic if animals are 
nutritionally stressed or ill and suddenly consume large quantities of such forages. In a well-
fed, well-managed herd, even subclinical toxicity occurs infrequently because of the dilution 
effect of feeding several forages or moderate amounts of grain or concentrates. If 
sufficiently high nitrate levels accumulate, death may result. Mean nitrate levels of 0.08% 
(fresh weight) for leaves and 0.15% on a dry weight basis for stems have been reported by 
Der Marderosian et al. (1979). Walters et al. (1988) observed that leaf NO3 levels did not 
exceed 239 mmol kg*'. 
Nitrogen (N) fertilizer can increase amaranth productivity but plants may accumulate 
high levels of nitrate in stems and leaves under these conditions. Walters et al. (1988) 
reported that increased levels of N fertilizers generally resulted in increased levels of leaf 
nitrate. They also found that N fertilized soils produced plants containing nearly twice as 
much nitrates as unfertilized plants and the magnitude of difference increased with the age of 
the plants. 
Although high levels of nitrates are sometimes reported m amaranths, Makus (1984) 
found that nitrate and oxalate levels in A. tricolor were not particularly excessive for nitrates 
in leafy vegetables and that 'Melody' spinach (Spinachia oleracea L.) had as much as three 
times more oxalate than the eight amaranths he evaluated. It is quite common for kitchen 
waste consisting mostly of leafy vegetable to be fed to animals. 
It is encouraging to note that breeding work to identify lines with low nitrate and oxalate 
levels has been very successful. Devadas et al. (1984) screened 25 genotypes from four 
species, A. tricolor, A. dubius, A. viridis, and A. spinosus, and found oxalate content ranging 
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from 0.94-1.29% and nitrate levels of 0.25-1% on a dry weight basis. Continued screening 
and breeding could result in lines with significantly lower levels of nitrates than are currently 
being reported. 
Correa et al. (1986) reported low levels of trypsin inhibitors, polyphenols and saponins in 
various species of grain amaranths. Pedersen et al. (1987) observed that trypsin and 
chymotrypsin inhibitors were present in A. caudatus at levels typically present in cereal 
grains. These inhibitors are heat-labile and only a small fraction of the activity of the trypsin 
inhibitor remained after popping and toasting. The chymotrypsin inhibitor appears to be 
slightly more heat stable and reduction in its activity was highest in toasted products 
subjected to heat for the longest period if time. 
In many areas of the tropics, amaranth is fed to livestock at varying stages of growth; this 
is usually after several vegetable harvests for human consumption and the stover is then fed, 
or if the field has grown out of control (usually into seeding) it will be cut and fed to 
livestock as green chop. It is quite possible that amaranth could become a very important 
source of animal feed in the fiiture if its fiill potential were realized and exploited. 
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CHAPTER THREE 
FORAGE YIELD AND CANOPY DEVELOPMENT OF VARIOUS 
SPECIES OF AMARNANTHS HARVESTED AT DIFFERENT 
DEVELOPMENTAL STAGES 
A paper to be submitted to Agronomy Journal 
Byron B. Sleugli, K.J. Moore, E.C. Brummer, A.D. Knapp, J. Russell, L. Gibson 
ABSTRACT 
Amaranth is a plant of tropical origin and is known for producing large quantities of 
relatively good quality forage. The objective of this study was to evaluate forage yield, 
regrowth, and canopy development of various species of amaranth harvested at different 
developmental stages. Plots of seven amaranth accessions were established in June 1997 and 
1998 near Boone, Iowa. Replicated plots of each accession were established in a randomized 
complete block design and subplots were harvested at two-week intervals. Seven harvests 
were taken starting at 28 days after planting (DAP). Yield for all accessions was similar tor 
the first 2 harvests, different for 56 and 70 DAP and similar for subsequent harvest dates. 
Two-week regrowth at 28 DAP ranged from 668 kg ha"' for^. hybridus (Greece) to 152 kg 
ha"' for A. hybridus (Zambia). Regrowth declined with subsequent harvests, so harvests were 
discontinued after 70 DAP. Accession and DAP affected leaf area index (LAI). Amaranthus 
hybridus (Greece) had a season high LAI of 3.9 at 84 DAP, while the lowest LAI (2.9) was 
observed for A. cruentus (Mexico) and A. cruentus (Rwanda) also at 84 DAP. Accessions 
evaluated produced a large quantity of forage in a short time with some accessions averaging 
over 7000 kg ha"' at 112 DAP. The regrowth potential of amaranth would be advantageous 
to a producer that utilizes a multiple cut system. Early season canopy development could 
help the crop to out compete weeds. 
INTRODUCTION 
Few plants have historical and cultural origins comparable to those of the family 
Amaranthaceae. Amaranth {Amaranthus spp.) is a well-known crop of the ancient Americas 
and in pre-Columbian times, grain amaranth was one of the basic foods of the New World. 
Some amaranth cultivars are highly prized as forage crops because of their ability to produce 
a large amount of biomass in a short period of time and their high protein content (Kauffinan, 
1992). These characteristics suggest a possible role as a forage (Cervantes, 1982). In China, 
some sources of A. hypochondriacus and A. hybridus are being cultivated solely for use as 
forage for cattle (Kauffinan, 1992), chickens, pigs, and fish, and is seeded from airplanes for 
vegetating barren hills (Yue and Sun 1993). In Peru, the stover is grazed after the seed heads 
have been removed for grain (Williams and Brenner, 1995). 
Amaranth is widely grown as a leafy vegetable in tropical and subtropical Africa, 
Asia, the Pacific Islands, the Caribbean and Central America, but there are few reports of its 
potential as a forage or silage crop (Cervantes, 1986). Studies (Lehmann 1990; Pond and 
Lehmann, 1989; Senft, 1979; Cheeke and Bronson, 1979; Odwongo and Mugerwa, 1980, and 
Yue et al., 1987) have shown that amaranth has nutritional qualities superior to that of the 
common cereals and forage crops. Amaranths have been reported with protein levels varying 
from 13 to 19% in the grain (Lehmann, 1990; Pedersen et al., 1987), and 12-27% for the 
whole plant (Mugerwa and Bwabye, 1974; Marten and Andersen, 1975). 
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Amaranths are well known for their high growth rate. Amaranthus tricolor and A. 
cruentus produced yields ranging from 4000 kg ha"' to 18000 kg ha"' (Campbell and Abbott, 
1982; and Makus, 1984). Clark and St. Jean (1984) reported a first cut (68 d after planting) 
silage yield of 5000 kg ha"' for an Amaranthus line called 'OMM'. Based on high yields of 
various genotypes, Kaul et al. (1996) concluded that some amaranth are suitable for whole-
crop silage at grain maturity. There are other reports of very high yields (Mugerwa and 
Bwabye, 1974; Cupina and Eric, 1994; Alfaro et al., 1987a). Mugerwa and Bwabye (1974) 
reported dry matter accumulation in A. hybridus subsp incurvatus averaging 241 kg ha"' day"' 
after 38 days after planting and a total of 9472 kg ha"' after 66 days of growth. Amaranth has 
also proven to be versatile enough to be grown as a grain crop and a forage crop and provide 
substantial yields of both in one season. Bansal (1992) conducted studies with A. 
hypocondriacus cv. Aimapuma and A. cruentus cv. K-266 in which 25% of the leaves were 
harvested for forage at the post anthesis stage. This treatment did not significantly affect 
grain yield and supplied 2600-3400 kg ha"' of forage. High yields combined with relatively 
high digestibility (Marten and Andersen, 1975) and protein concentration means that 
amaranth is, potentially, a very good forage crop. 
When all these characteristics of amaranth are taken together its potential role as a forage 
crop becomes even more evident. Therefore, our objective was to evaluate forage yield, 
regrowth, and canopy development of different amaranth species from varying geographical 
areas different morphological characteristics. The amaranth species were harvested at 
different developmental stages to determine the stage offering the best combination of yield 
and quality and how each accession responded to multiple cuttings in a season. 
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MATERIALS AND METHODS 
Plant material 
Seven accessions were chosen from the USDA North Central Regional Plant 
Introduction Station based on the their general morphology, growth habit, probable 
suitability as a forage crop and to reflect a broad geographic and genetic spectrum of 
amaranths. The accessions chosen were Amarathus cruentus, (Mexico, PI 477913), A. 
cruentus (Zimabwe, PI 482049), A. cruentus (Rwanda, PI 527570), A. hybrid (Puebla 
Mexico, Ames 22667)), A. hybridus (Greece, Ames 5531.), A. hybridus (Zambia, PI 
500249), and A. hypochondriacus (Colorado, PI 584523). Amaranthus hybris (Puebla, 
Mexico) and A. hybridus (Greece) are vegetable type amaranths and the others are grown 
primarily for grain. 
Plant establishment 
Seeds of each accession were moistened to allow imbibition and then incubated at 
6°C for 30 days. The seeds were then grown in the greenhouse under 16h of light and day 
and night temperatures of 29 and 24°C, respectively. Plants were grown for three weeks in 
the greenhouse and then transplanted in the field at the Iowa State University Sorenson 
Research Farm near Boone, lA (42''N, 93°W), on a Webster-Nicolet (fine-loamy, mixed, 
superactive, mesic, Typic Endoaquoli) soil during 1997 and 1998. Mean air temperature for 
May to September was 20 and 21 °C for 1997 and 1998, respectively, and mean monthly 
precipitation for the same period in 1997 and 1998 was 65.38 nmi and 110.74 mm, 
respectively. Plots were 7.6x7.6m with plants spaced on 76cm centers. The result was a 
76cm (30") spacing within and between rows. Border rows were established around each 
plot and subplot to reduce border effects. In both years, ammonium nitrate was applied at 45 
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kg ha"' to each plot. Supplemental irrigation was provided as needed for the first two weeks 
after transplanting. 
Forage yield 
In each plot, nine subplots consisting of four plants were marked as sample plants. 
The harvest dates were randomized so that a different set of four plants was harvested each 
time. Harvest dates represented 14-d intervals starting 28 days after planting (DAP) in the 
field. Subplots were hand-harvested at a height of 7.5 cm, weighed, and chopped to fit into 
cloth bags for drying. Samples were dried for 48 hr in a forced-air dryer at 60°C to 
determine percent dry matter and forage yield. Fourteen days after the initial harvest of each 
plot, a second cut was made to determine regrowth yield. 
Canopy development 
Starting 42 DAP, after each harvest, leaf area index (LAI) was measured for each plot 
using a LI-COR 2000 leaf area analyzer. The measurements from the Li~COR 2000 leaf 
area analyzer were identical to direct measurements of leaf area index. Measurements were 
taken between 0900 and 1100 hours CST and four above-canopy and 20 below-canopy 
readings were made for each plot. Measurements were taken at the borders and inside the 
plots. The pattern and technique of measurement was consistent for each plot 
Statistical analysis 
The experimental design was a randomized complete block with a split- split plot 
arrangement with three replications and a total of seven plots per replication. Years 
represented whole plots, each accession represented the split plot and seven harvest dates 
represented the split-split plot. 
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The statistical analysis was performed by using the General Linear Model and 
Regression procedures of Statistical Analysis Systems (SAS, 1991). Mean comparisons were 
made using an F-protected LSD (Steele and Torrie 1980). Single degree of freedom 
contrasts were made between the vegetable and grain type accessions. The significance level 
for all comparisons is P< 0.05 unless otherwise noted. 
RESULTS AND DISCUSSION 
Yield 
The main effect of accessions and the interaction of accessions with days after planting 
(DAP) were not significant for yield (Table 1). However, the effect of DAP was significant. 
Yield was not different for 1997 and 1998. Yield increased significantly fi-om the first (28 
DAP) to the last harvest date (112 DAP) and the data was best fit with a Gompertz function 
(Fig. 1). Yield was maximized at 98 DAP for cruentus (Zimbabwe), A. emeritus 
(Rwanda), and A. cruentus (Greece). Amaranthus cruentus (Mexico), A. hybrid (Puebla, 
Mexico), A. hybridus (Zambia), and A. hypochondriacus (CO) which had maximum yields at 
112 DAP (Table 2). The decline in yield from 98 DAP to 112 DAP for some of the 
accessions may have been due to leaf senescence at the later stages of development. 
At 28 DAP, the plants were only approximately 15 cm (6") tall and this could explain 
the low yields at this harvest date. These yields were significantly lower than those reported 
by others such as Mugerwa and Bwabye (1974) because the plant density used in this 
experiment was well below those used in other studies. Forage yield at 28 and 42 DAP were 
not significantly different among the seven accessions, but yields at 56 and 70 DAP were. 
Yields were statistically similar among accessions for all subsequent harvests, although for 
the group it increased by as much as 17% between 84 and 112 DAP A. hybridus (Zambia) 
had the highest overall yield (7031 kg ha''at 112 DAP) followed by A. hybridus (Greece), A. 
hybrid (Puebla, Mexico) with 6763 and 6528 kg ha"' at 112 and 98 DAP, respectively.. 
Even with our lower plant population these results are promising. 
Averaged over years and harvest dates A. hybridus (Zambia) had the highest overall 
yield (3620 kg ha"'), followed by A. hybridus (Greece) with 3539 kg ha"'. The lowest overall 
yield (2375 kg ha"') was for^. hypochondriacus (Colorado). This was expected as these 
plants were very small in stature, only attaining an average height of 0.50 m compared to 2 m 
for A. hybridus (Zambia) and an average of 1.8 m for the other accessions. 
Single degree of freedom contrasts were done to compare the vegetable type 
accessions, A. hybridus (Greece) and A. hybrid (Puebla, Mexico) to the grain type accessions. 
The effect of accession type was not significant. Accessions did not differ in yield but DAP 
did affect yield. Equations with a linear and quadratic effect explained 86% of the variation 
in seasonal yield of the vegetable type accessions (Table 3). Accession and DAP had a 
significant effect on yield of the grain type accessions. Linear and quadratic equations 
explained 73% of the yield variation for grain type accessions (Table 3). Both vegetable- and 
grain type accessions had a high positive correlation of yield to harvest date (R =0.96). 
The general trend of mean yield for each grain type accession is demonstrated in 
Figure 2. The decline in yield at 98 DAP for ^4. cruentus (Zimbabwe) and A. cruentus 
(Rwanda) occurred because they were the first accessions to enter the reproductive phase of 
development and hence the first ones to experience rapid dry down and senescence 
characteristic of grain type amaranths. 
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Amaranths are usually succulent plants with a very high moisture percentage. This 
could have implications on how it is utilized in a feeding program. Fresh forage may need to 
be wilted before is ensiled. There were no differences in percent dry matter among 
accessions or harvest dates (Table 4). Percent dry matter decreased from 25 to 13% averaged 
over harvest dates. 
Regrowth 
The only significant variable or interaction of variables was the year by accession 
interaction. Two-week regrowth of the 28 DAP harvest ranged from a high of 668 kg ha"' for 
A. hybridus (Greece) to a low of 152 kg ha"' for^. hybridus (Zambia) (Table 5). Averaged 
over years, there was generally a decline in regrowth yield for subsequent harvest dates. 
Notable exceptions were the 700 kg ha"' for A. hybrid (Puebla, Mexico) after the 42 DAP 
harvest compared to the 634 kg ha"' obtained after the 28 DAP harvest and 514 kg ha"' for 
hybridus (Zambia) after the 42 DAP harvest date. Comparisons between the vegetable and 
grain type accessions revealed that neither accession nor DAP affected 2-week regrowth of 
vegetable types but DAP was significant for grain types. 
Poor regrowth for some of the accessions occurred because some of the plants 
senesced after the first harvest. The harvest height of 7.5 cm was too low for some plants in 
the grain type accessions because they either had none or very few axillary buds below the 
cutting height to facilitate regrowth. This observation was also made by Norman and 
Shongwe (1993) who found that total leaf yields and leafrstem ratios were greater for cutting 
heights of 15- and 20 cm than for 10 cm in hybridus. Amaranthus cruentus (Mexico) had 
more plants die than any other accession (data not shown). This was such a problem for 
cruentus (Mexico) that no regrowth yield was recorded for it in 1998. It can therefore be 
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concluded that 7.5 cm was not a good harvest height for this accession and that indeed, 
failure to regrow and subsequent death may indicate that a critical dry matter level is needed 
in the stump for regrowth (Miizava and Masam, 1985). Higher cutting heights are needed for 
this accession. The close-to-the-ground and profuse branching observed in the vegetable 
type accessions could explain their strong regrowth and continued survival after harvest. 
In the latter part of the season (after the 70 DAP harvest), regrowth was so poor that 
we were unable to get dry weight measurements for some samples. At this point regrowth 
harvests were discontinued. This very poor regrowth may have been because the plants were 
now approaching the reproductive phase and were not initiating axillary growth or 
partitioning much of its resources to vegetative development. 
Canopy development 
Accession and harvest date affected leaf area index (LAI) but their interaction was 
not significant (Table 6). Within a group, the vegetable type and grain type accessions did 
not differ in their LAI, but were affected differently by harvest date. Overall, LAI had a 
strong positive correlation to harvest date (Fig. 3). Leaf area index increased from 28 DAP 
and was maximized at 84 DAP. The relationship was best described by a quadratic equation. 
All accessions showed a decline in LAI after the 84 DAP harvest date. This decline was 
because of leaf loss due to senescence, lodging, and stem breakage from wind damage and 
heavy seed heads. 
At 28 DAP the average LAI of the two vegetable type accessions was 38% more than 
the average LAI of the other accessions. Amaranthus hybridus (Greece) had a season high 
LAI of 3.9 at 84 DAP, followed by A. hybrid (Puebla, Mexico) with 3.8. The highest LAI for 
the grain type accessions was 3.7 for^. cruentus (Zimbabwe), and 2.9 for both .4. cruentus 
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(Mexico) and A. cruentus (Rwanda) at 84 Dx\P. While A. cruentus (Zimbabwe) and A. 
cruentus (Rwanda) had a relatively profuse branching pattern, the leaves were very small and 
this may have contributed to lower LAI compared to the large-leafed vegetable types. 
The consistently low LAI for Amaranthus cruentus (Mexico) (Table 6) can be 
attributed to its morphology and lodging problems in the field. This accession has a tall, 
upright, rarely branching canopy structure with significantly fewer leaves than the other 
accessions. The older leaves tended to fall off earlier and the stems were often severely 
damaged by an unidentified stem borer. Because of the upright growth habit, A. cruentus 
(Mexico) plants were disproportionately damaged by the wind. This lodging problem also 
affected yield. 
The morphology and canopy architecture of A. hypochondriacus (Colorado) and A. 
hybridus (Zambia) also affected the LAI. Amaranthus hypochondriacus (Colorado) was a 
low-growing profusely branching accession but even at 112 DAP the canopy of neighboring 
plants still did not touch. Its maximum LAI (2.8) was achieved at 84 DAP. The Zambian 
accession (A. hybridus) was the tallestof the group with some plants reaching heights of up to 
3 m but it also had an upright, scarcely branching architecture. Leaf senescence began 
earliest for A. hybridus (Zambia) and this too affected the LAI. 
The rapid early season canopy development of A. hybridus (Greece) and A. hybrid 
(Puebla, Mexico) could be advantageous in a harsh environment or one in which weeds are 
likely to be a problem. The rapid development could offer strong competition to weeds, 
effectively shading them out. By 56 DAP, both accessions had a LAI of 3.0. 
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CONCLUSION 
Amaranth can produce very large quantities of forage in a relatively short period of 
time. With some accessions having yields averaging over 7000 kg ha*' at 112 DAP this 
could be a productive late-season forage or a stockpiling alternative. These high yields, 
combined with the high quality (Pond and Lehmarm, 1989; Senft, 1979; Cheeke and 
Bronson, 1979; Odwongo and Mugerwa, 1980, and Yue et al., 1987) make amaranths good 
candidates for inclusion in a forage system. However, stereotypes of the amaranth species as 
a weed will first need to be dispelled. 
Grain type accessions had greater yields than vegetable type accession at 28 and 42 
DAP, but vegetable type accessions had greater yields for all subsequent harvests. Regrowth 
potential of for A. hybridus (Greece), A. hybrid (Puebla, Mexico), and A. hybridus (Zambia) 
was very high and would be advantageous to a forage producer that utilizes a multiple cut 
system. Amaranthus hybridus (Greece) and A. hybrid (Puebla, Mexico) regrew most 
satisfactorily from the 7.5 cm cutting height. The remaining stem of harvested Amaranthus 
cruentus (Mexico) plants died after most harvests. 
Even with very low plant populations we obtained yields that would rival any 
commonly grown forage. With increased populations, yield may mcrease. Hot dry weather 
did not seem to affect growth or regrowth after harvest, a critical factor in maintaining high 
seasonal yields. 
Amaranthus hybridus (Greece) and A. hybrid (Puebla, Mexico), vegetable type 
accessions, had rapid early-season canopy development that should make them very 
competitive with weeds. By 56 DAP they had an average LAI of 3.0. Branching pattern and 
large leaves may have contributed to the significantly higher LAI exhibited by vegetable type 
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accessions compared to grain type accessions. Since leaves are known to accumulate more 
nutrients and generally are higher in quality than stems, the vegetable type accessions may be 
of more interest to producers. 
These results indicate that amaranths are capable of developing rapidly and producing 
large quantities of biomass in a short period of time and that they can be subjected to 
multiple harvest management and still be very productive. 
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Table 1. Analysis of variance with mean square errors for initial dry matter yield of 
seven amaranth accessions harvested at different developmental stages. 
Source of variation DF Mean square error 
Year (Y) 
Rep(Y)[R] 
Accession (A) 
Vegetable vs. grain type 
Y*A 
R*A(Y) 
Days after planting (DAP) 
Linear 
Quadratic 
Cubic 
Y*DAP 
A*DAP 
Y*A*DAP 
1 
4 
6 
6 
24 
5 
5 
30 
30 
38332837.76 
8681531.46 
7997614.49 
6313837.98 
3802150.47 
2345998.72 
252703785.76* 
1462355700.24* 
631138.09* 
46921551.64* 
4445712.03 
1121388.94 
1078559.01 
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Table 2. Dry matter yield of seven amaranth accessions at various stages of development. 
Accessions were grown in 1997 and 1998. Yields are averaged over years. 
Days after planting 
Accession 28 42 56 70 84 98 112 
kg ha"' 
A. cruentus (Mexico) 61 402 1821 3703 4606 5590 5960 
A. cruentus (Zimbabwe) 50 336 1656 3618 5982 6329 5872 
A. cruentus (Rwanda) 87 457 1815 3121 3952 5402 5066 
A. hybridus (Puebla, 83 425 2017 3223 4951 6528 5684 
Mexico) 
A. hybrid (Greece.) 120 420 2349 3765 5489 5866 6763 
A. hybridus (Zambia) 79 759 1755 3703 5785 6224 7032 
A. hypocondriacus (CO) 55 284 1161 2314 3450 4416 4948 
LSDO.O5=2118 
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Table 3. Linear, and quadratic equation parameters for yield of vegetable- and grain type 
amaranth accessions in 1997 and 1998. All variables are significant at the 0.15 level. 
Variable Vegetable type P>F Grain type P>F 
Intercept 3103.71 3214.82 
DAP -239.95 0.83 0.0001 -239.25 0.70 0.0001 
DAP2 5.43 0.008 0.0480 5.22 0.02 0.0001 
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Table 4. Dry matter content of seven amaranth accessions at various stages of development. 
Accessions were grown in 1997 and 1998. Data are averaged over years. 
Days after planting 
Accession 28 42 56 70 84 98 112 
•g kg •' forage 
A. cruentus (Mexico) 260 120 120 160 190 220 230 
A. cruentus (Zimbabwe) 310 150 140 170 200 220 240 
A. cruentus (Rwanda) 220 150 140 180 190 190 230 
A. hybridus (Puebla, Mexico) 280 170 140 160 170 190 200 
A. hybrid (Greece.) 230 150 140 160 180 200 200 
A. hybridus (Zambia) 220 180 120 190 170 180 190 
A. hypocondriacus (CO) 240 150 130 170 200 220 240 
LSD (0.05) — 160 
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Table 5. Mean two-week regrowth yield of seven amaranth accessions harvested at 
different developmental stages in 1997 and 1998. 
1997 1998 
Days after planting 
Accessions 28 42 56 28 42 56 
kg ha"' 
A. cruentus (Mexico) 216 46 60 0 0 0 
A. cruentus (Zimbabwe) 808 767 116 80 88 37 
A. cruentus (Rwanda) 769 590 45 118 100 25 
A. hybridus (Puebla, Mexico) 1228 1148 0 40 30 47 
A. hybrid (Greece) 1255 1260 60 80 63 85 
A. hybridus (Zambia) 756 646 88 76 121 33 
A. hypocondriacus (CO) 304 416 0 0 6 20 
LSDo.os ~ 493 
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Table 6. Leaf area index of seven amaranth accessions at various stages of development. 
Accessions were grown in 1997 and 1998. Leaf area indices are averaged over yeeu-s. 
Days after planting 
Accession 28 42 56 70 84 112 
A. cruentus (Mexico) 0.64 1.03 1.65 1.96 2.9 1.22 
A. cruentus (Zimbabwe) 1.00 1.46 2.70 3.36 3.74 2.75 
A. cruentus (Rwanda) 1.26 1.36 2.10 3.00 2.90 2.96 
A. hybridus (Puebla, Mexico) 1.62 1.88 3.20 3.45 3.83 3.20 
A. hybrid (Greece.) 1.63 1.97 2.99 3.61 3.96 3.01 
A. hybridus (Zambia) 1.15 1.56 1.72 2.18 2.45 2.32 
A. hypocondriacus (CO) 0.96 1.50 2.02 2.64 2.83 2.22 
LSDo.os ~0.65 
7000 
6000 
5000 
I 4000 
O) 
§ 3000 
I 2000 
1000 
RM.98 
Y=6436.85e (-26.i2t(-0.05DAP)) 
56 70 84 98 112 
Days after planting 
Figure 1. Relationship between drj' matter yield and harvest date of seven amaranth accessions grown in 1997 and 1998. 
Data plotted represent means of 3 reps. 
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•A. cruentus (Mex.) 
•A. cruentus (Zim.) 
•A. cruentus (Rwa.) 
•A. hybridus (Zam.) 
•A. hypochon. (CO) 
Figure 2. Variation of yield for grain type amaranth accessions at different harvest dates. Yield is averaged over both years, 
1997 and 1998. 
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-•—A. crue. (Mex.) 
-•—A. crue. (Rwa) 
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— A .  h y b .  ( P .  M e x . )  
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Days after planting 
Figure 3. Relationship between leaf area index and harvest date for seven amaranth accession. Leaf area indices 
averaged over years. 
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CHAPTER FOUR 
FORAGE NUTRITIVE VALUE OF VARIOUS AMARANTH 
SPECIES HARVESTED AT DIFFERENT STAGES OF 
DEVELOPMENT 
A paper to be submitted to Agronomy Journal 
Byron B. Sleugh, K.J. Moore, E.G. Brummer, A.D. Knapp, J. Russell, L, Gibson 
ABSTRACT 
Complete information on forage quality characteristics of amaranth is not available. The 
objective of this study was to evaluate the forage quality of various amaranth accessions 
harvested at different stages of development. Plots of seven accessions from the North 
Central Plant Introduction Station were established in June 1997 and 1998 near Boone, Iowa. 
Replicated plots of each accession were established in a randomized complete block design. 
Subplots were harvested six times at two-week intervals 42, 56, 70, 84,98 and 112 days after 
planting (DAP). Quality analyses included in vitro dry matter digestibility (IVDMD), neutral 
detergent fiber (NDF), crude protein (CP), nitrate-nitrogen, acid detergent fiber (ADF), acid 
detergent lignin (ADL), protein and fiber digestion. Averaged over accessions, IVDMD 
decreased (P<0.05) from a high of 780 g kg"' at 42 DAP to 680 g kg"' at 112 DAP. Highest 
IVDMD was observed inAmaranthus hybridus (Greece) and A. hybrid (Puebla, Mexico). At 
42 DAP the CP level averaged over accessions was 270 g kg"' then decreased drastically to 
100 g kg"' at 112 DAP. Neutral detergent fiber levels increased from 310 g kg"' at 42 DAP to 
430 g kg*' at 112 DAP. Averaged over harvest date, A. cruentiis (Zimbabwe) had the highest 
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NDF (390 g kg '), and A. hybrid (Puebia, Mexico) had the lowest (330 g kg"'). Amaranthus 
emeritus (Zimbabwe^, A. cruentus (Rwanda), and A. hybrid (Puebia, Mexico) had UIP 
averaging 25, 22, and 16% of total crude protein after 16 hours of digestion. The forage 
quality of the various accessions at most harvest dates was consistent with what would be 
expected for relatively' good quality forage. 
INTRODUCTION 
The potential of amaranths as forage has not been flilly studied. Most of literature relates 
to human utilization of grain or vegetable amaranths. However, some amaranth cultivars are 
highly prized as forage crops because of their rapid growth rate and high protein content. In 
China, A. hypochondriacus and A. hybridus are being cultivated solely for use as forage for 
cattle (Kauffinan, 1992). Amaranth is widely grown as a leafy vegetable in tropical and 
subUropical Africa, Asia, the Pacific Islands, the Caribbean, and Central America, but there 
are few reports of its potential as a forage or silage crop (Cervantes, 1986). 
Environmental hardiness, utility as a grain and/or vegetable resource, and efficient 
water use has led to the recent resurgence in amaranth production. These are qualities 
essential for the survival of any modem crop because of diminishing water supply and 
limited land resources in many areas of the world (Saunders and Becker, 1984). 
Several studies (Lehmann 1990; Pond and Lehmann, 1989; Senft, 1979; Cheeke and 
Bronson, 1979; Odwongo and Mugerwa, 1980, and Yue et al., 1987) have shown that 
amaranth nutritional qualities are superior to those of the common cereals and forage crops. 
Arguably, the most important nutritional quality of a grain is its protein content and quality. 
Amaranth protein levels range from 13 to 19 percent (Lehmann 1990), and 14-16% 
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(Pedersen et al., 1987) in the grain; and 12-27% (Mugerwa and Bwabye, 1974), and 25% 
(Marten and Andersen, 1975) for the whole plant. The protein quality of amaranth grain 
combined with its productivity compares favorably with more commonly utilized grains. 
The proteins of wheat, com, and rice are deficient in the essential amino acid lysine 
and the sulfur-containing amino acids methionine and cysteine. However, amaranth is rich in 
both lysine (Bressani et al., 1987) and sulfur containing amino acids (Senft, 1979). 
Marten and Andersen (1975) reported that redroot pigweed and other weeds were as 
palatable to sheep as oats. They also reported that redroot pigweed had in vitro dry matter 
digestibility (IVDMD), acid detergent fiber (ADF), neutral detergent fiber (NDF), and crude 
protein concentrations equivalent to those of high quality alfalfa {Medicago saliva L.) when 
harvested at the same growth stage. Temme et al. (1979) also reported that redroot pigweed, 
common ragweed, and common lambsquarters had high forage quality. Cheeke and Bronson 
(1979) found that amaranth leaves and stems were higher in hemicellulose and ash, and 
lower in ADF than alfalfa. They also found a higher amount of protein bound to the cell wall 
constituents in amaranth than in alfalfa and comfrey {Symphytum officinale L.). This 
suggests that amaranth may have a higher by-pass protein value. 
By-pass protein or rumen undegraded intake protein (UIP) can be of great value in 
livestock production because rumen microbes may degrade high quality protein. Escape 
protein is beneficial since it will be efficiently utilized in postruminal digestion as long as it 
contains essential amino acids (Van Soest, 1994). The extent of protein degradation of a 
forage may become a limiting factor in the process of supplying amino acids to the animals 
and, consequently, on productivity (Merchen and Bourquin, 1994). Increasing the UIP 
percentage in the diets of growing heifers improves feed efficiency and increases body 
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weight gain (Tomlinson et ai., 1997) and milk yield (Vagnoni and Broderick, 1997). 
Chopped alfalfa hay fed to sheep had UIP ranging from 252 (Merchen and Satter, 1983) to 
280 g kg"' (Mathers and Miller, 1981) of total CP intake. Undegraded intake protein ranging 
from 12-20% for perennial ryegrass {Lolium perenne L) (Rooke et al., 1983); 13-30% for 
alfalfa subjected to heat (Charmley and Veira, 1990), and formic acid and formaldehyde 
(Glenn et al., 1989). Beever et al., (1987) observed UIP concentrations ranging from 19-26% 
for steers fed white clover {Trifolium repens L.) primary growth or regrowth treated with 
formaldehyde. Mitchell et al., (1997) reported UIP for switchgrass {Panicum virgatum L.) 
and smooth bromegrass {Bromus inermis L.) as 230-310, and 110-180 g kg"'of total crude 
protein, respectively, and that warm season grasses, generally, had greater UIP because of 
their C4 anatomy. Amaranth, being a C4 plant, could potentially be a good source of UIP. 
Crude fiber, vitamins, minerals, energy and, digestibility are reasons to consider 
amaranth as a potential forage (Cervantes 1990). In summarizing the positive attributes of 
amaranth, Cervantes (1990) noted that crude protein varied between 12 and 38 percent 
depending on many factors, however, even with lower crude protein concentration, it is 
higher than of many other forages. Energy provided by amaranth is similar to grasses, but 
amaranth has a larger quantity of starch and hemicellulose in its leaves than many grasses. 
Pond and Lehmann (1989) replaced half or all of the alfalfa in the diet of lambs with 
amaranth and found no effect on weight gain or feed utilization. All diets contained 40.95% 
ground com {Zea mays L.), 8% soybean {Glycine max L.) meal, 1.05% mineral-vitamin 
supplement plus either 50% ground alfalfa hay; 25% ground alfalfa hay and 25% ground 
amaranth forage; or 50% ground amaranth forage. No difference in apparent digestibility of 
ADF, NDF, cellulose, and acid detergent lignin (ADL) was found in the three diets. 
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Digestibility, however, tended to be greater for lambs fed only amaranth as the forage 
component than for lambs fed only alfalfa, reflecting the greater NDF, cellulose, and ADL 
content of alfalfa. Amaranthus cruentus L. (Zimbabwe cultivar PI 482049) was cited as 
having potential as a feed resource for ruminants based on its high protein content, low 
cellulose, and the absence of toxic substances in the vegetative fractions of the plant (Pond 
and Lehmann, 1989). 
Some amaranth forage may require special treatment to improve animal acceptance. 
Skultety et al., (1991) reported that dry matter intake by cattle given green and ensiled 
amaranth was low, but increased when pelleted amaranth was fed. They reported the highest 
digestibility of nutrients in amaranth that was hot air dried and pelleted, the lowest intake was 
when amaranth silage was fed. 
Toxicity can result from nitrates in forages. Poisoning may result from accumulation of 
nitrates and/or oxalates in plants growing under stress, especially if drought conditions occur 
during a period of heavy nitrate uptake by the plant. Nitrates absorbed from the soil are 
incorporated into amino acids to make proteins. Dietary nitrate is converted to nitrite, then 
ammonia by rumen bacteria. Toxicity occurs when the rate of conversion of nitrate to nitrite 
is higher that the conversion of nitrite to ammonia. Once absorbed into the blood, nitrite will 
bind to hemoglobin forming methemoglobin. Since methhemoglobin is less efficient in 
oxygen transport, animals will literally suffocate (Vough et al., 1991). 
Adams et al. (1992) reported that nitrate content above I to 3% on a dry matter basis can 
cause acute toxicity in animals. However, Vough et al., (1991) reported that toxicity usually 
occur when cattle consume large amounts of forage containing 1.76% or more nitrate ion on 
a dry matter basis. Higher levels of nitrates can adversely affect reproduction and become 
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toxic if animals are nutritionally stressed or ill and suddenly consume large quantities of such 
forages. 
Otir objective was to evaluate the forage quality of different amaranth species from 
varying geographical areas with different morphological characteristics. These amaranths 
were harvested at different developmental stages to determine what developmental stage 
offers the best combination of yield and quality. 
MATERIALS AND METHODS 
Plant material 
Seven amaranth accessions were chosen from the USDA North Central Regional 
Plant Introduction Station based on the their general morphology, growth habit, probable 
suitability as a forage crop as well as to reflect a broad geographic and genetic spectrum. 
The accessions evaluated were Amarathus cruentus, (Mexico, PI 477913), A. cruentus 
(Zimabwe, PI 482049), A. cruentus (Rwanda, PI 527570), A. hybrid (Puebla Mexico, Ames 
22667)), A. hybridus (Greece, Ames 5531.),^. hybridus (Zambia, PI 500249), and .4. 
hypochondriacus (Colorado, PI 584523). Amaranthus hybris (Puebla, Mexico) and A. 
hybridus (Greece) are vegetable type amaranths and the others are grown primarily for grain. 
Plant establishment 
Seeds of each accession were allowed to imbibe and then incubated at 6°C for 30 
days. The seeds were then grown in the greenhouse under 16h of light and day and night 
temperatures of 29 and 24°C, respectively. Plants were grown for three weeks in the 
greenhouse and then transplanted in the field at the Iowa State University Sorenson Research 
Farm near Boone, lA (42°N, 93 °W), on a Webster-Nicolet (fine-loamy, mixed, superactive. 
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mesic, Typic Endoaquoll) soil during 1997 and 1998. Mean air temperature for May to 
September was 20 and 21 °C for 1997 and 1998, respectively, and mean monthly 
precipitation for the same period in 1997 and 1998 was 65.38 mm and 110.74 mm, 
respectively. Plots were 7.6x7.6m with plants spaced on 76cm centers. The result was a 
76cm spacing within and between rows. Border rows were established around each plot and 
subplot to reduce border effects. In both years, ammonium nitrate was applied at 45 kg ha"' 
to each plot. Irrigation was provided as needed for the first two weeks after transplanting. 
Forage quality 
In each plot, nine subplots consisting of four plants were marked as sample plants. 
The harvest dates were randomized so that a different set of four plants was harvested each 
time. The six harvest dates represented 14-day intervals starting 42 days after planting 
(DAP) in the field. Subplots were hand-harvested at a height of 7.5 cm, weighed, and 
chopped to fit into cloth bags for drying in a forced-air dryer at 60''C for 48h. Dried samples 
were then ground to pass through a 1 -mm mesh screen using a UDY cyclone mill (UDY 
Manufacturing, Fort Collins, CO). Near infrared reflectance spectra were acquired for all 
samples using a scanning monochromator (NIRS systems, Silver Springs, MD). All samples 
from replication one and three for 1997 and 1998, respectively, were chosen as calibration 
samples to be analyzed for IVDMD, CP, NDF, ADL, and rumen bypass protein. All samples 
for both years were analyzed for nitrate nitrogen. 
The IVDMD procedure followed the NC-64 Marten and Barnes (1980) direct 
acidification system based on the Tilley and Terry (1963) in vitro method. Neutral detergent 
fiber and ADF were determined using the ANKOM 200 Fiber Analyzer (ANKOM 
Technology Corp., Fairport, NY) as described by Vogel et al. (1999). The NDF procedure 
53 
was modified by adding 4 mL of heat stable a-amyiase (ANKOM Teciinology #FAA) to the 
NDF solution before extraction. Acid detergent lignin was determined using the procedure 
for lignin determination in the Daisy'^ Incubator (ANKOM Technology, Corp., Fairport, 
NY). Crude protein was determined by obtaining the Kjeldahl N value for each sample and 
multiplying by 6.25 (Bremner and Breitenbeck, 1983). A modified version of the Gelderman 
and Beegle (1998) method for determining soil nitrate-nitrogen was used to obtain nitrate-
nitrogen values for the samples. The modification was simply to change the amount of 
sample material used to 0.50 g of dried ground plant material instead of the 10 g used for soil 
samples. 
NIRS prediction equations were developed using modified partial least squares 
regression to predict the values of IVDMD, NDF, CP, ADF, ADL. The R^, standard error of 
calibration, and standard error of cross validation for prediction equations are shown in Table 
I. All samples from one rep in each year were used as the calibration set for lab analysis. 
The accessions, A. emeritus (Zimbabwe), A. cruentus (Rwanda), and A. hybrid 
(Puebla, Mexico) were selected to be analyzed for fiber and protein digestion characteristics. 
Fermentation times were 4, 16, and 48h and a zero time (NDF N) sample was used as a 
standard. Samples were digested in vitro in nylon bags for the prescribed time and then NDF 
determinations were done on the residues using the ANKOM 200 Fiber Analyzer. After 
NDF analysis, total N was determined for each sample as previously described and used to 
estimate degradable intake protein and undegraded intake protein and their associated 
digestion parameters: 
Degraded Intake Protein = CPs + CPj (1- e'*') 
Undegraded Intake Protein = CPd X +CPa 
Kj + Kp 
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Where 
CPs = Soluble protein = (Total N - NDFN)6.25 
CPd = Degradable protein = (NDFN - residual N)6.25 
Cpu = Undegradable protein = (Residual N)6.25 
Kd = Rate of digestion = [ln(C4-C48)-ln(Ci6-C48)]/[16-4] 
Kp = estimated passage rate = 0.05. 
True digestibility (TD) was estimated by a modified version of the method reported 
by Redfeam et al., (1999) and partitioned into cell solubles (Cs), digestible fiber (Co), and 
their associated digestion parameters: 
TD = Cs +CD[l-e'''"-^'] 
Cs= 1000-NDF = 1000-Co 
Cd = initial NDF - (residual NDF at 48 h) = Co - C48 
Where 
Co = NDF concentration (g NDF kg*' initial DM) 
C48 = residual NDF concentration (g NDF kg"' initial DM) following 48 h of in vitro 
incubation. 
Rate of fiber digestion (A:) and digestion lag time (I) were then calculated as follows: 
k = [ln(C4 - C48) - hi(C,6 - C48)]/[4-16] 
/: = {(In Co - C48) - 0.05 [hi(C4 - C48)(Ci6 - C48)- k (4+16)]}/ k 
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Statistical analysis 
The experimental design was a randomized complete block with a split-split plot 
arrangement with three replications and seven plots per replication. 
Statistical analysis was performed using the General Linear Model and Regression 
procedures of Statistical Analysis Systems (SAS, 1991). Mean comparisons were made by 
using an F-protected LSD (Steele and Torrie 1980). Single degree of freedom contrasts were 
made between the vegetable and grain type accessions. The significance level for all 
comparisons was P<0.05 unless otherwise noted. 
RESULTS AND DISCUSSION 
Accession 
Nitrate concentrations were not different among accessions within years. Nitrate 
concentration was affected by harvest date and harvest date x accession interaction (Table 2). 
Averaged over harvest date and accession, nitrate concentration did not differ in 1997 and 
1998 with the exception of A. hybridus (Zambia). The nitrate concentrations of this 
accession, when averaged over harvest dates, were lower in 1998 than in 1997. 
Averaged over harvest date, the grain type accessions A. hypochondriacus 
(Colorado), A. emeritus (Mexico), A. hybridus (Zambia), A. cruenius (Rwanda), and A. 
cruentus (Zimbabwe) had similar nitrate concentrations. The vegetable type accessions A. 
hybridus (Greece) and A. hybrid (Puebla, Mexico), were different from the grain type 
accessions with 32 and 27 g kg"' DM, respectively. 
Adams et al. (1992) reported that nitrate concentrations above 1 to 3% on a dry matter 
basis can cause acute toxicity in animals. With this in mind, the observed nitrate levels were 
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too high to be fed as fresh forage to livestock until 84 DAP for all accessions except A. 
hyhridus (Zambia) and A. hypochondhacus (Colorado), which did not get below 3% nitrate 
concentration until after 98 DAP. 
Accession and accession x harvest date interactions were significant for NDF 
concentration (Table 3). Single degree of freedom contrasts of vegetable versus grain type 
accessions were not significant. Averaged over harvest date, a group consisting of A. 
cruentus (Zimbabwe), A. hybridus (Zambia), A. cruentus (Rwanda), and A. hybridus 
(Greece) did not differ in NDF concentration. Amaranthus hybrid (Puebla, Mexico) had the 
lowest overall NDF followed by A. cruentus (Mexico) when averaged over harvest date. 
Although NDF is known to increase with the age of plants, Walter et al., (1988) 
showed that leaf NDF of several amaranth accessions declined linearly with increasing 
nitrogen fertilizer application levels. This could be a management option to improve the 
forage quality of amaranth fed to livestock. 
In vitro dry matter digestibility was significantly affected by accession (Table 6). 
Averaged over harvest dates, A. hybrid (Puebla, Mexico) had the greatest digestibility (763 g 
kg*' DM). Lowest digestibility was observed for A. hybridus (Zambia) and A. cruentus 
(Zimbabwe), both of which were statistically similar, 701 and 687 g kg"' DM, respectively. 
The other accessions were not different from each other and had an average digestibility of 
718 g kg' DM. 
Single degree of freedom contrast of vegetable versus grain type accession was 
significant. Vegetable type accessions consistently had greater FVDMD concentrations than 
grain type accessions at all harvest dates. The increased digestibility of the vegetable type 
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accessions may have been due to the presence of a greater number of leaves and stems that 
were visibly more succulent than the stems of the grain type accession. 
Acid detergent fiber concentration was affected by accession (Table 7). Amaranthus 
hybrid (Puebla, Mexico) had the lowest (210 g kg"') ADF concentration when averaged over 
harvests. Surprisingly, the other vegetable type accession, A. hybridus (Greece) had the third 
highest ADF concentration (244 g kg*'). Another surprise was that A. cruentus (Mexico), a 
visibly stemmy and woody plant in the latter part of the season, still had the second lowest 
(225 g kg"') ADF when averaged over harvest date. 
These ADF concentrations are encouraging compared with data reported by Marten 
and Anderson (1975) for alfalfa and oats. They seeded alfalfa May 14 and sampled on July 
16 and oats was seeded April 19 and harvested June 20 of the same year. Concentrations of 
ADF were 237, and 340 g kg"' for alfalfa and oats, respectively. All accessions except A. 
cruentus (Mexico) had ADF concentrations lower than 237 g kg"' until up to 70 DAP. The 
ADF concentration in^. hybrid (Puebla, Mexico) was 226 g kg*' at 84 DAP. Chemey and 
Marten (1982) reported ADF values for wheat (Triticum aesativum L.), oats, triticale 
{Triticum durum Desf. X Secale cereale L.), and barley {Hordeum vulgare L.) that were 
higher than the average values for all amaranth accessions evaluated. Acid detergent lignin 
for all accessions except A. cruentus (Zimbabwe) were lower than for the crops studied by 
Chemey and Marten (1982). 
Concentration of ADL was significantly influenced by accession (Table 8). Averaged 
over harvest date A. cruentus (Zimbabwe) had the highest ADL (48 g kg"') followed by A. 
hypochondriacus (Colorado), A. cruentus (Mexico), and A. cruentus (Rwanda) with similar 
ADL of 35, 35 and 33 g kg"', respectively. Amaranthus hybridus (Zambia), A. hybridus 
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(Greece) and A. hybrid (Puebla, Mexico) were not different and had ADL concentrations of 
29, 28, and 26 g kg"', respectively. When averaged over accession ADL was similar until 70 
DAP then each subsequent harvest was different. 
Marten and Anderson (1975) reported that high-quality alfalfa had 60 g kg"' ADL and 
oats had an ADL of 36 g kg*'. The results obtained for these amaranth accessions at various 
stages of development are substantially less than that reported by Marten and Anderson 
(1975) for alfalfa and could prove to be a positive indication for the use of amaranth as 
forage. 
Harvest date 
The effect of accession on nitrate concentration was not significant when plants were 
at a similar maturity stage. Generally, nitrate levels were highest at 42 DAP but decreased 
significantly over the season (Table 2). However, A. cruentus (Zimbabwe), A. cruentus 
(Rwanda), A. hybridus (Zambia) and A. hypochondriacus (Colorado) showed an increase in 
nitrate concentration at 56 DAP over the levels observed at 42 DAP. In fact, averaged over 
accessions, 56 DAP had the highest nitrate levels followed by 42 DAP and then 70, 84, 98, 
and 112 DAP, respectively. Nitrate concentration showed a strong linear relationship (R^ = 
0.96) to DAP as it decreased from an average of 7.7% at 42 DAP to 0.94% at 112 DAP (Fig. 
1). 
Nitrate concentration was generally higher, though not statistically different, in grain 
type accessions and both vegetable and grain-type accessions showed a strong linear 
relationship to harvest date (Fig. 2). The greatest nitrate concentration in grain type 
accessions averaged 58% higher than the greatest average nitrate concentration of the 
vegetable type accessions. 
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Neutral detergent fiber increased linearly with harvest date (Fig. 3). This linear 
response was also reported by Walter et al. (1988). Averaged over accession, concentration 
of NDF at 42 DAP was higher than at 56 DAP but they were not statistically different. This 
observation is unexplainable. From 70 DAP till the end of the season at 112 DAP 
concentration of NDF did not differ and ranged from 350-430 g kg"'. The highest increase 
(550 g kg"') in NDF from 42 DAP to 112 DAP was observed in A. hybridus (Greece) and the 
lowest (210 g kg"') in A. hypochondriacus (Colorado). 
Averaged over accessions CP was highest at 42 DAP (270 g kg"') and declined 
steadily over the season. The CP concentration at 42, 56 and 70 DAP (270,210, and 150 g 
kg"' respectively) were significantly different from each other but did not differ at 84, 98 and 
112 DAP (120, 120, 100 g kg"' respectively). The relationship between CP and harvest date 
was best described by an equation with a quadratic effect (Fig. 4) and had a strong negative 
correlation (R"=0.99). The 42 DAP CP concentration (270 g kg*') is close to the results 
reported by Mugerwa and Bwabye (1974) who found 277 g kg"' CP in^. hybridus subs. 
incurvatus at 38 DAP. 
Harvest date, and accession x harvest date interaction affected IVDMD (Table 6). In 
vitro dry matter digestibility decreased significantly over the season from a high of 790 g kg"' 
for A. cruentus (Rwanda) and A. hybrid (Puebla, Mexico) at 56 and 70 DAP, respectively, to 
a low of 620 g kg"' for/I. cruentus (Zimbabwe) and A. hybridus (Zambia) at 98 and 112 DAP 
respectively. The vegetable type, A. hybrid (Puebla, Mexico) consistently had the greatest 
rVDMD concentration at all harvest dates except 42 DAP when A. cruentus (Rwanda) had a 
greater concentration. These consistently high IVDMD concentrations are in agreement with 
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those reported by Mugera and Bwabye (1974) for hybridus subsp. incurvatus. They 
observed whole plant IVDMD of 820 g kg"' at 38 DAP and 725 g kg"' at 66 DAP. 
Even though all accessions showed a decline, A. hybridus (Puebla, Mexico) had a less 
precipitous decline in IVDMD at 70 DAP (Fig. 5). Overall, IVDMD had a strong negative 
correlation (R"=0.97) with harvest date (Fig. 6). The relationship was best described by an 
equation with a quadratic effect. 
Harvest date and the interaction of accession and harvest date affected ADF (Table 
7). Averaged over accessions concentration of ADF for all accessions increased linearly 
from 42 DAP to 112 DAP (Fig. 7). However, ADF concentration was not different after 84 
DAP. At 112 DAP Amaranthus hybridus (Greece) and A. hybridus (Zambia) had the greatest 
ADF concentrations, 323 and 329 g kg"', respectively. Lowest concentrations were observed 
for A. hybrid (Puebla, Mexico) at 150 g kg*'. 
Harvest date and the interaction of accessions and harvest date influenced ADF 
(Table 8). Acid detergent lignin levels varied from a low of 17.6 g kg"' for ^4. hybridus 
(Greece) at 42 DAP to a high of 73.7 g kg"' in A. cruentus (Zimbabwe) at 112 DAP. 
It is well established that lignin concentration increases with plant maturity. The 
results obtained for these amaranth accessions also followed that trend. Acid detergent lignin 
concentration had a strong positive correlation (R^=0.97) with harvest date (Fig. 8). This 
relationship was best described by an equation with the quadratic effect being most notable 
with the increase in ADL at 84 DAP. The greatest increase over the season was observed in 
A. cruentus (Zimbabwe) and A. hybridus (Greece) with 196 and 163% change in ADL 
between 42 DAP and 112 DAP, respectively. 
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Accession and harvest date interaction 
An interaction of accession and harvest date was observed for all variables studied 
except CP. Tables 2 through 8 illustrate the interaction between accession and harvest date 
for the variables studied. 
Years 
Averaged over accessions and harvest dates the concentration of CP, FVDMD, ADF, 
ADL, and nitrate did not differ in either year. However, NDF was different in 1997 (400 g 
kg"' DM) than in 1998 (330 g kg"' DM). Also, nitrate levels at 42 and 56 DAP in 1997 were 
approximately 100% higher than the highest nitrate level for 1998. This observation may be 
explained by transient stress conditions, which included high temperature, drought, heavy 
rain, and low sunlight experienced during the first 3-4 weeks of field growth. Crude protein 
in 1997 (166 g kg"' DM) was similar to 1998 (152 g kg"' DM) when averaged over 
accessions and harvest dates. This is encouraging because it suggests that CP concentration 
is likely to be constant over time even though there were differences in the environment. 
More research would need to be done over several seasons to make a conclusion on that 
matter. 
Fiber and protein degradation 
Crude protein digestion parameters are presented in Table 9. Undegraded intake 
protein (UIP) as a percentage of total crude protein increased with harvest date and was 
generally higher for the grain type accessions A. cruentus (Zimbabwe) and A. emeritus 
(Rwanda) at each harvest date (Table 10). At 70 DAP an average of 27 and 36%, 
respectively, of the total crude protein of A. cruentus (Rwanda) and A. cruentus (Zimbabwe) 
was UIP. After 70 DAP, A. cruentus (Zimbabwe) had greater average UIP (36%) than alfalfa 
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(Merchen and Salter, 1983; Charmley and Veira, 1990), and perennial ryegrass (Rooke et al., 
1983; Rooke et al., 1987; Dawson et al., 1988). Concentrations of UIP reported for white 
clover (Trifolium repens) (Beever et al., 1987) is also lower than that of A. cruentus 
(Zimbabwe) and A. cruentus (Rwanda) after 70 DAP. The variation of UIP, degradable 
intake protein, and total crude protein with harvest date is illustrated in Figure 9. 
Undegraded intake protein remained constant until 84 DAP for A. hybrid (Puebla, Mexico) 
while more fluctuations were observed for A. cruentus (Zimbabwe) and A. cruentus 
(Rwanda). 
The rate of protein digestion was unaffected by accession or the interaction of 
accession x harvest date but was slightly affected by harvest date (P<0.01). By the end of the 
season the average rate of digestion had decreased from a high of 0.11 at 70 DAP to 0.06 at 
98 and 112 DAP. It is uncertain as to why the rate was highest at 70 DAP and not at a 
harvest date when the plants were less mature. 
Differences in TD and digestible fiber were observed over harvest dates (Table 11). 
Up to 56 DAP A. cruentus (Zimbabwe) had the greatest TD but thereafter the greatest TD 
was observed for A. hybrid (Puebla, Mexico). Early maturity of A. cruentus (Zimbabwe) 
may have played a role in the decreased TD. Digestible fiber deceased with maturity for 
each accession. Rate of fiber digestion was similar for all accessions and harvest date except 
for A. hybrid (Puebla, Mexico) at 56 and 112 DAP. Digestion lag times were not different 
across accessions and harvest. These results are equal to, and in some cases, better than 
those reported for switchgrass populations (Redfeam et al., 1999). 
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CONCLUSION 
The forage nutritive value of amaranth is good and, in many cases, is equal to or 
better than commonly used forages. Observed NDF values were lower than those observed 
in orchardgrass {Dactylis glomerata L.), smooth bromegrass {Bromus inermis Leyss.), and 
intermediate wheatgrass (Thinopyrum intermedium Host. Barkworth & Dewey)) and their 
binary mixtures with alfalfa and birdsfoot trefoil {Lotus corniculatus L.) over several 
harvests (Sleugh, 1997). Results obtained for the amaranth accessions evaluated compared 
favorably with results obtained for some binary legume—grass mixtures (Sleugh, 1997). 
Of all the quality parameters evaluated, nitrate concentration remains a major 
concern. The observed nitrate concentrations may be too high for these accessions to be used 
as fresh forage for livestock before 84 DAP. Ensiling the forage may be an alternative for 
reducing nitrate concentration and improving its digestibility (Cervantes, 1990). 
High CP, and IVDMD, low ADF, ADL, and NDF make amaranth a strong competitor 
for attention as a forage resource. Sustained high IVDMD throughout the season is one 
factor that makes the amaranth accessions we studied stand out. It is well established that 
forages decrease in digestibility with maturity. At 112 DAP IVDMD ranged from a low of 
590 g kg"' DM for^. cruentus (Zimbabwe) to a high of 720 g kg"' DM fori4. hybrid (Puebla, 
Mexico), greatest NDF concentration at the same harvest date was 470 g kg"'DM for A. 
cruentus (Zaimbabwe). 
Even at later stages of maturity (112 DAP) A. hybrid (Puebla, Mexico) and A. 
hybridus (Greece) had ADL concentrations below 46 g kg*' DM and up to 84 DAP all 
accessions except A. cruentus (Zimbabwe) had ADL concentrations below36 g kg"' DM. 
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This is favorable when compared to results reported by Marten and Anderson (1975) for oats 
and alfalfa. 
Cheeke and Bronson (1979) reported that amaranth had higher amounts of protein 
bound to cell wall components. This protein could be of value in animal production if it 
becomes available in the lower intestinal tract. Amaranthus cruentus (Zimbabwe^, A. 
cruentus (Rwanda), and A. hybrid (Puebla, Mexico) had UIP averaging 12-38% of total 
protein after 16 hours of digestion. These UIP concentrations are better than those reported 
for commonly used forages (Merchen and Satter, 1983; Charmley and Veira, 1990; Rooke et 
al., 1983; Rooke et al., 1987; Dawson et al., 1988; Beever et al., 1987). This suggests that 
amaranth could possibly be a source of UIP for animals. True digestibility and the rate of 
fiber digestion were also high, particularly before 70 DAP. 
When all the forage quality parameters studied are taken together it can be concluded 
that amaranth has good to excellent forage quality. More work is needed with intake studies 
to get a full picture of amaranth forage quality since we carmot exclude animals when 
making decisions about forage quality. 
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Table 1. Near Infrared Reflectance Spectroscopy prediction calibration statistics for in vitro 
dry matter digestibility (IVDMD), neutral detergent fiber (NDF), crude protein (CP), acid 
detergent fiber (ADF), and acid detergent lignin (ADL). 
Variable Nt Terms Mean SEC R-' SECV 1-VR Wavelengths 
IVDMD 79 7 71.28 1.16 0.96 1.56 0.93 248 
NDF 79 6 37.42 1.17 0.97 1.42 0.96 248 
CP 77 8 14.45 0.41 0.99 0.58 0.99 259 
ADF 78 8 24.71 0.51 0.99 0.87 0.98 252 
ADL 83 8 3.54 0.24 0.97 0.41 0.93 252 
t N=number of terms in model, SEC=standard error of calibration, R^=coefficient of 
determination, SECV=standard error of cross validation, l-VR=validation coefficient of 
determination 
Table 2. Mean nitrate concentration for seven amaranth accessions harvested at 
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different developmental stages. Results are averaged over years. 
Accessions Days after planting 
42 56 70 84 98 uT 
O/„ DM 
A. cruentus (Mexico) 9.6 9.6 5.7 3.0 1.7 1.3 
A. cruentus (Zimbabwe) 7.3 7.7 3.3 2.1 1.7 0.87 
A. cruenfus (Rwanda) 6.2 8.7 4.6 3.1 1.8 0.56 
A/ij;6nf/(Puebla, Mexico) 5.8 5.7 3.5 2.1 2.1 0.63 
A. hybridus (Greece) 5.5 3.6 3.6 1.2 1.9 0.27 
A. hybridus (Zambia) 7.8 8.9 4.3 4.7 3.1 1.0 
A. hypochondriacus (Colorado) 9.2 9.6 6.6 4.2 2.9 1.8 
LSDO.05 "1.4 
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Table 3. Mean neutral detergent fiber (NDF) concentration for seven amaranth accessions 
harvested at different developmental stages. Results are averaged over years. 
Accessions Days after planting 
42 56 70 84 98 112 
' DM 6 
A. cruentus (Mexico) 310 300 360 350 380 380 
A. cruentus (Zimbabwe) 310 310 370 450 440 470 
A. cruentus (Rwanda) 320 300 340 380 430 440 
A. hybrid (Puebla, Mexico) 260 280 310 350 370 380 
A. hybridus (Greece) 290 290 350 390 430 450 
A. hybridus (Zambia) 310 300 350 410 440 450 
A. hypochondriacus (Colorado) 330 330 350 390 400 400 
LSDO.05 ~50 
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Table 4. Mean crude protein (CP) concentration for seven amaranth accessions 
harvested at different developmental stages in 1997 and 1998. 
Accessions Days after planting 
42 56 70 84 98 Ul 
g k g - '  D M  
A. cruentus (Mexico) 275 220 160 140 110 120 
A. cruentus (Zimbabwe) 280 225 160 120 110 100 
A. cruentus (Rwanda) 270 210 160 125 90 100 
A. hybrid (Puebla, Mexico) 260 190 140 110 95 90 
A. hybridus (Greece) 270 190 140 110 90 80 
A. hybridus (Zambia) 260 210 140 110 90 85 
A. hypochondriacus (Colorado) 285 220 180 150 130 120 
LSDO.05 ~20 
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Table 5. Mean crude protein (CP) concentration for seven accessions of 
amaranth. Data represents the mean of seven harvests for each accession each 
year. 
Year 
Accession 1997 1998 
g k g - ' D M  
A. cruentus {}AQ\\CO) 183 158 
crwemMi-(Zimbabwe) 175 156 
.4. crMe«/Ms (Rwanda) 177 140 
(Puebla, Mexico) 142 146 
A. hybridus (Greece) 142 148 
A. hybridus {Zamhidi) 155 140 
A. hypochondriacus {Co\oxdido) 187 178 
LSDO.05 ~34 
Table 6. Mean in vitro dry matter digestibility (IVDMD) concentration for 
seven amaranth accessions harvested at different developmental stages. Results 
are averaged over years. 
Accessions Days after planting 
42 56 70 84 98 112 
^g DM g I 
A. cruentus (Mexico) 760 760 710 710 680 670 
A. cruentus (Zimbabwe) 760 770 730 640 630 590 
A. cruentus (Rwanda) 780 790 770 720 670 630 
A. hybrid (Puebla, Mexico) 790 780 790 770 740 720 
A. hybridus (Greece) 780 780 750 720 670 650 
A. hybridus (Zambia) 750 760 740 690 640 630 
A. hypochondriacus (Colorado) 790 740 720 700 670 670 
LSDO.05 —60 
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Table 7. Mean acid detergent fiber (ADF) concentration for seven amaranth accessions 
harvested at different developmental stages. Results are averaged over years. 
Accessions Days after planting 
42 56 70 84 98 112 
g kg DM 
A. emeritus (Mexico) 170 183 240 234 264 260 
A. cruentus (Zimbabwe) 170 200 257 324 326 354 
A. cruentus (Rwanda) 176 190 212 252 306 312 
A. hybrid (Puebla, Mexico) 150 170 193 227 246 265 
A. hybridus (Greece) 168 185 228 263 298 323 
A. hybridus (Zambia) 193 203 230 284 319 329 
A. hypochondriacus (Colorado) 191 208 229 256 270 281 
LSDo.os —48 
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Table 8. Mean acid detergent lignin (ADL) concentration for seven amaranth 
accessions harvested at different developmental stages. Results are averaged over years. 
Accessions Days after planting 
42 56 70 84 98 Ul 
g kg"' DM 
A. cruentus (Mexico) 29 26 33 36 41 45 
A. cruentus (Zimbabwe) 24 27 31 64 67 73 
A. cruentus (Rwanda) 24 23 21 31 44 53 
A. hybrid (Puebla, Mexico) 19 24 24 29 29 32 
A. hybridus (Greece) 17 22 22 28 34 46 
A. hybridus (Zambia) 25 23 25 32 36 36 
A. hypochondriacus (Colorado) 22 26 26 25 49 52 
LSDO.05 
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Table 9. Soluble crude protein, degradabie crude protein, undegraded crude protein, 
undegraded intake protein, and rate of digestion of degradabie protein for three amaranth 
accessions harvested at different developmental stages and digested for 16 hours. There 
were seven harvests at 42, 56, 70, 84, 98, and 112 days after planting. 
Total CP^ CPs CPD CPu UIP Kd 
h"' 
—G KG urn- 11 
A. cruentus (Zimbabwe) 
42 DAP 287 197 63 27 48 0.09 
56 DAP 226 171 38 17 30 0.10 
70 DAP 175 120 40 13 26 0.11 
84 DAP 118 61 27 30 43 0.06 
98 DAP 110 62 21 27 37 0.05 
112 DAP 94 48 19 27 36 0.06 
A. cruentus (Rwanda) 
42 DAP 270 170 67 33 61 0.08 
56 DAP 192 137 37 18 32 0.08 
70 DAP 136 99 29 8 15 0.14 
84 DAP 109 68 29 12 21 0.11 
98 DAP 77 42 18 17 25 0.06 
112 DAP 90 51 20 19 27 0.07 
A. hybrid (Puebla, Mex.) 
42 DAP 256 207 37 12 23 0.12 
56 DAP 198 153 31 14 25 0.09 
70 DAP 143 99 31 13 24 0.10 
84 DAP 111 74 23 14 23 0.07 
98 DAP 92 62 19 11 19 0.07 
112 DAP 74 47 18 9 15 0.08 
LSD(O.O5) 20 43 14 16 21 0.07 
^CP, crude protein; CPs, soluble crude protem; CPD, degradabie crude protein; CPu, 
undegradable crude protein; UIP, undegradable intake protein; Kd, rate of digestion. 
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Table 10. Soluble crude protein, degradable crude protein, undegraded crude protein, 
undegraded intake protein as a percentage of total crude protein for three amaranth 
accessions harvested at different developmental stages and digested for 16 hours. There 
were seven harvests at 42, 56, 70, 84,98, and 112 days after planting. 
CPs CPD CPU UIP 
% of total CP 
A. cruentus (Zimbabwe) 
42 DAP 68.6 22.6 9.4 16.7 
56 DAP 78.8 16.7 7.4 13.2 
70 DAP 68.5 22.8 7.4 14.8 
84 DAP 50.8 22.8 25.4 36.4 
98 DAP 55.4 19.0 24.5 33.6 
112 DAP 49.6 20.0 28.5 38.0 
A. cruentus (Rwandla) 
42 DAP 62.5 24.8 12.2 22.6 
56 DAP 70.8 18.7 9.3 16.6 
70 DAP 72.7 21.3 5.8 11.0 
84 DAP 62.3 26.6 11.0 19.2 
98 DAP 53.2 23.3 22.0 32.4 
112 DAP 56.6 21.1 21.1 30.0 
A. hybrid (Puebia, Mex.) 
42 DAP 80.8 14.4 4.2 8.9 
56 DAP 77.2 15.1 7.0 12.6 
70 DAP 68.5 20.9 8.3 16.7 
84 DAP 66.6 20.7 11.7 20.7 
98 DAP 67.4 20.6 11.9 20.6 
112 DAP 63.5 22.9 12.1 20.2 
^CP, crude protein; CPs, soluble crude protein; CPD, degradable crude protein; CPu, 
undegradable crude protein; UIP, undegradable intake protein; Kj, rate of digestion. 
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Table 11. Means of cell solubles, digestible fiber, indigestible fiber, true digestibility, 
rate of fiber digestion, and digestion lag time for three amaranth accessions harvested at 
different developmental stages. There were seven harvests at 42,56, 70, 84,98, and 112 
days after planting. 
Cs' Cd CI TD k L 
g kg"' DM - h"' h 
A. cruentus (Zimbabwe) 
42 DAP 640 289 71 929 0.08 11.8 
56 DAP 566 255 178 821 0.08 11.1 
70 DAP 608 219 172 827 0.09 10.0 
84 DAP 573 280 145 853 0.06 10.1 
98 DAP 546 248 205 794 0.07 7.9 
112 DAP 681 224 94 905 0.07 8.5 
A. cruentus (Rwanda) 
42 DAP 650 243 106 893 0.06 13.5 
56 DAP 652 171 176 823 0.08 11.7 
70 DAP 641 228 130 869 0.08 10.6 
84 DAP 587 247 165 834 0.06 12.0 
98 DAP 646 275 78 921 0.06 9.0 
112 DAP 665 205 129 870 0.07 7.3 
A. hybrid (Puebia, Mex.) 
42 DAP 602 191 206 793 0.09 8.5 
56 DAP 524 238 237 762 0.11 7.4 
70 DAP 652 166 181 818 0.08 9.7 
84 DAP 620 211 168 831 0.08 10.7 
98 DAP 682 234 83 916 0.08 10.3 
112 DAP 604 230 165 834 0.04 13.2 
LSD(o.os) 214 143 243 243 0.06 7.7 
^Cs, cell solubles; Co, digestible fiber; Ci, indigestible fiber; TD, true digestibility; k, rate 
of fiber digestion; and L, digestion lag time. 
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Figure 1. Reiationsiiip of nitrate concentration to harvest date of seven amaranth accessions 
grown near Ames, lA, and harvested at different developmental stages. Data represent 
nitrate concentration averaged over two years. 
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Figure 2. Relationship of nitrate concentration to harvest date of vegetable and grain-
type amaranth accessions grown near Ames, lA, and harvested at different developmental 
stages. Data represent nitrate concentration averaged over two years. 
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Figure 3. Relationship of neutral detergent fiber to harvest date of seven accessions of 
amaranth grown near Ames, lA, in 1997 and 1998. Data plotted represent means from 3 reps 
averaged over both years. 
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Figure 4. Relationship between crude protein concentration and harvest date for seven 
accessions of amaranth grown near Ames, LA, in 1997 and 1998 and harvested at different 
developmental stages. 
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Figure 5. Variation of in vitro dry matter digestibility of seven amaranth accessions over the 
season. Plants were harvested at different developmental stages and the data represent means 
from three reps averaged over two years. 
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Figure 6. Relationship of in vitro dry matter digestibility of seven amaranth accessions to 
harvest date. Data represent means for 1997 and 1998. 
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Figure 7. Relationship of acid detergent fiber (ADF) of seven amaranth accessions to harvest 
date. Data represent means for 1997 and 1998. 
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Figure 8. Relationship of acid detergent lignin (ADL) of seven amaranth accessions to 
harvest date. Data represent means for 1997 and 1998. 
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Figure 9. Variation of degradable intake protein (DIP), Total crude protein (Total CP), and 
Undegraded intake protein (UIP) with maturity of three amaranth accession, A. cruentus 
(Zimbabwe), A. cruentus (Rwanda), and A. hybrid (Puebia, Mexico). The samples were 
incubated for 16 hours. 
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CHAPTER FIVE 
GENERAL CONCLUSION 
Amaranth accessions used in this experiment performed well and showed 
characteristics of having very good potential as forage crops. Some of these characteristics 
include very high dry matter yield in a short period of time, rapid early season development, 
and excellent forage quality. 
Highest yield was for A. hybridus (Zambia) with 7031 kg ha"'. Yield was maximized 
at 98 DAP for/I. cruentus (Zimbabwe), A. cruentus (Rwanda), and^. cruentus (Greece). 
Amaranthus cruentus (Mexico), A. hybrid (Puebla, Mexico), A. hybridus (Zambia), and A. 
hypochondriacus (CO) which had maximum yields at 112 DAP. Profuse branching of the 
vegetable type accessions resulted in greater above ground biomass. This low branching 
pattern seemingly provided an advantage for vegetable type accession in regrowth because of 
the location of axillary buds closer to the base of the plants. 
It should be noted that our planting rate (17,424 plants per acre) was well below 
optimum and other reported plant populations. Had a higher planting rate been used one 
would expect much greater forage yields such as those reported by Mugerwa and Bwabye 
(1974), Campbell and Abbott (1982), Makus (1984), and Clark and St. Jean (1984). 
Regrowth potential of A. hybridus (Greece), A. hybrid (Puebla, Mexico), and A. 
hybridus (Zambia) is very high and would be advantageous to a forage producer that utilizes 
a multiple cut system. Amaranthus hybridus (Greece) and A. hybrid (Puebla, Mexico) 
regrew most satisfactorily from the 5 cm cutting height. LAI had a strong positive 
correlation to harvest date. Leaf area index increased from 28 DAP and was maximized at 
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84 DAP. The relationship was best described by an equation with a quadratic effect. All 
accessions showed a decline in LAI after the 84 DAP harvest date. This decline was because 
of leaf loss due to senescence. The rapid early season canopy development of A. hybridus 
(Greece) and A. hybrid (Puebla, Mexico) could be advantageous in a harsh environment or 
one in which weeds are likely to be a problem. By 56 DAP, both accessions had a LAI of 
3.0. These two vegetable type accessions had a significantly higher LAI than the grain type 
accessions. 
These results indicate that indeed amaranth is capable of developing rapidly and 
producing large quantities of biomass in a short period of time and that they can be subjected 
to multiple harvest management strategies and still be very productive. The data obtained 
from this experiment are encouraging and more work would need to be done to make more 
specific determinations of agronomic practices that best suit amaranths grown as forages and 
optimum stands and harvest dates at different locations. It would also be instructive to do 
more cultivar development for forage/vegetable-type amaranth because when proven to be a 
safe, easy to grow forage, the demand and utilization wall undoubtedly skyrocket. 
When averaged over years and harvests, accessions could be ranked for their potential 
role as a forage crop as illustrated in Table I. Based on these rankings A. hybrid (Puebla, 
Mexico), A. hybridus (Greece) would be first and second respectively. Even though A. 
hybridus (Zambia) and A. hypochondriacus (Colorado) were ranked number one for yield 
and CP, respectively, their consistent poor ranking in other categories would, in my opinion, 
all but disqualify them as valuable potential forage crops. 
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Amaranth forage could potentially be a source of undegraded intake protein (UIP). 
However, the UIP value of amaranth should be further explored to see how much it will 
actually benefit animals in a feeding trial. 
LITER\TURE CITED 
Campbell, T.A. and J. A. Abbott. 1982. Field evaluation of vegetable amaranth (Amaranthus 
spp.) HortScience 17:407-409. 
Clark, E.A. and G. St. Jean. 1984. Armual and biennial legumes with Westerwolds armual 
ryegrass. Forage Notes 28:43-53. 
Makus, D.J. 1984. Evaluation of amaranth as a potential greens crop in the Midsouth. 
HortScience 19:881-883. 
Mugerwa, J.S. and R. Bwabye. 1974. Yield, composition and in vitro digestibility of 
Amaranthus hybridus subspecies incurvatus. Tropical Grasslands 8:49-53. 
Table 1. Ranking of seven accessions of amaranth for initial yield, two-week regrowth yield, nitrate, neutral detergent fiber 
(NDF), crude protein (CP), and in vitro dry matter digestibility (IVDMD). Data are from three replications averaged over six 
harvests (7 for yield) and two years. Ranking is based on means. 
Accession Yield 2-wk 
regrowth 
Combined 
yield 
Nitrate NDF CP IVDMD Combined 
quality 
Average 
Rankingt 
A. cruentus (Mexico) 5 6 5.5 6 2 2 4 3.5 4.5 
A. cruentus (Zimbabwe) 3 3 3.0 3 7 3 2 3.75 3.3 
A. cruentus (Rwanda) 6 5 5.5 4 5 4 2 3.75 4.6 
A. hybrid (Puebla, Mexico) 4 1 2.5 2 1 7 1 2.75 2.6 
A. hybridus (Greece) 2 2 2.0 1 4 6 3 3.5 2.7 
A. hybridus (Zambia) 1 4 2.5 5 6 5 6 5.5 4.0 
A. hypochondriacus (Colorado, US) 7 7 7.0 7 3 1 5 4.0 5.5 
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APPENDIX 
Table Al. Source and background information for seven accessions of amaranths grown near Ames, Iowa, in 1997 and 1998. All plant material 
was obtained from the USDA North Central Regional Plant Introduction Station. 
Accession Identifier Other Identifiers Plant Name Source Comment 
PI 477913 RRC 10I1,81S1011, 
RRC78S-104, R 104, 
Ames 2241 
A. cruentus L. Mexico Grain-type from segregating bulk population. 
Performs well at high densities and is slightly 
susceptible to Lygus bugs. 
PI 482049 TGR 542 A. cruentus L. Zimbabwe Leaves used as vegetable. White heads, no 
pigmentation. 
PI 527570 IZ 166 A. cruentus L. Rwanda Landrace 
PI 604567 Mapes 830, quintonil, A. hybrid 
Ames 22667 
Puebia, Mexico Red inflorescence, green leaves, short bracts 
Table Al. (Continued.) 
Accession Identifier Other Identifiers Plant Name Source Comment 
PI 605351 RRC 847, Vieta, Ames A. hybridus L. 
5531 
Greece Used as vegetable in Greece. Branching, not 
lodging. Dark brown seeds, foliage and 
flowers mostly green with small red speckles 
on leaf blades. Red stripes on stems 
PI 500249 ZM 1845 A. hybridus L. Zambia Wild material 
PI 584523 Ames 21897 A. hypochondriacus L. United States, 
Colorado 
Determinant inflorescent unusual for this 
species. Stem resistant to lodging. Red 
inflorescence, black seeds. Seed maturity 
adapted to Ames, lA 
From: USDA, ARS, National Genetic Resources Program. Germplasm Resources Information Network - (GRIN). 
[Online Database] National Germplasm Resources Laboratory, Beltsville, Maryland. 
Available: www.ars-grin.gov/cgi-bin/npgs/html/ 
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Table A2. Sources of variation, degree of freedom, and expected mean squares for 
analysis of variance of seven amaranth accessions grown near Ames, Iowa, in 1997 and 
1998 and harvested at different stages of development. 
Sources of variation Degrees of freedom Expected mean squares 
Year(Y) 1 + 49a^R + 147a^Y 
Replication (R) 2 + 49ct^ R 
Accession (A) 6 ^ 76a"RA + 21 a^YA + 42(j)A 
6 a- + 7a^RA + 21a^YA 
A*R(Y) 24 CT- + 7ct^RA 
Harvest (H) 6 + 7a^RHa- + 2 lo"YH + 42(|)H 
6 a^ + 7a^RH + 21a^YH 
A*H 36 a- + a-RAH + Sct'YAH + 6(|)AH 
Y*A*H 36 0- +a-RAH+ 3a-YAH 
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Table A3. Analysis of variance with mean square errors for neutral detergent fiber, 
crude protein, and in vitro dry matter digestibility of seven amaranth accession 
grown near Ames, lA in 1997 and 1998 and harvested and different developmental 
stages. 
Source of variation DF NDF CP rVDMD 
Year(Y) 1 3168.19 135.47 0.15 
Rep(Y) [R] 4 43.41 23.69 12.99 
Accession (A) 6 165.18 68.86 203.48* 
Y*A 6 19.79 17.48* 11.18 
R*A(Y) 24 17.98 4.58 13.38 
Days after planting (DAP) 5 1168.82 1918.37* 1072.85* 
Y*DAP 5 239.64 19.87 16.85 
A*DAP 30 21.28* 2.99 26.74* 
Y*A*DAP 30 7.83 4.03 8.27 
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Table A4. Analysis of variance with mean square errors for Leaf area index (LAI) 
of seven amaranth accession grown near Ames, lA in 1997 and 1998 and harvested 
and different developmental stages. 
Source of variation DF LAI 
Year(Y) 1 16.69 
Rep(Y) [R] 4 1.04 
Accession (A) 6 6.20 
Y*A 6 0.39 
R*A(Y) 24 0.36 
Days after planting (DAP) 5 18.66* 
Y^DAP 5 0.76 
A*DAP 30 0.30 
Y*A*DAP 30 0.30 
Table AS. Analysis of variance with mean square errors for nitrate concentration 
of seven amaranth accession grown near Ames, lA in 1997 and 1998 and harvested 
and different developmental stages. 
Source of variation DF NITRATE 
Year(Y) 1 59.21 
Rep(Y)[R] 4 15.73 
Accession (A) 6 42.28 
Y*A 6 15.20 
R»A(Y) 24 6.46 
Days after planting (DAP) 5 320.46* 
Y*DAP 5 40.57 
A»DAP 30 5.22* 
Y*A*DAP 30 2.18 
Table A6. Analysis of variance with mean square errors for acid detergent fiber 
(ADF) and acid detergent lignin (AOL) of seven amaranth accession grown near 
Ames, lA in 1997 and 1998 and harvested and different developmental stages. 
Source of variation DF ADF ADL 
Year (Y) 1 20.40 0.74 
Rep(Y)[R] 4 26.71 1.74 
Accession (A) 6 152.63* 18.82* 
Y*A 6 15.21 0.80 
R*A(Y) 24 13.57 0.76 
Days after planting (DAP) 5 1149.31* 46.61* 
Y*DAP 5 50.69 0.80 
A»DAP 30 17.19* 2.66* 
Y*A*DAP 30 5.65 0.40 
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Figure 1. Daily precipitation in 1997 and 1998 near Boone, Iowa, for May to September (M 
toS). 
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Figure 2. Maximum and minimum daily temperatures in 1997 and 1998 near Boone, Iowa, 
for May to September (M to S). 
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